Several aspects of the ecology of planktonic copepods (vertical distribution, abundance, community structure, population structure and body size) were evaluated and compared between communities in the autumn, in the Okhotsk Sea and the adjacent Oyashio region in the western North Pacific. Vertically, copepods were concentrated primarily at depths of 250 to 500 m in the Okhotsk Sea but near the surface in the Oyashio region. The abundances of most of the copepods were greater in the Oyashio region with the exception of Metridia okhotensis, which showed significantly greater abundance in the Okhotsk Sea (30 times greater) and dominated the copepod community, accounting for approximately 70% of total copepod abundance. The population structure of the dominant copepods in the Okhotsk Sea was dominated by late copepod stages, suggesting that these copepods were in the resting phase. The prosome lengths of most of the copepods were larger in the Okhotsk Sea than in the Oyashio region and the larger body size is probably due to the lower habitat temperatures. The special ecological characteristics of planktonic copepods in the Okhotsk Sea are possibly related to the development of a strong pycnocline in the Okhotsk Sea. The consequences of differences in copepod communities between regions were discussed from the viewpoints of life cycle timing and the scale of active vertical flux.
Introduction
Planktonic copepods dominate the zooplankton community of the global ocean. They form a vital link between primary producers and higher trophic levels and can accelerate vertical flux of material (the biological pump) (cf. Mauchline 1998) . Given their importance in marine ecosystems, an inter-oceanic comparison of their ecology is of special interest. Faunistic comparisons have revealed differences between the Arabian, Mediterranean and Red Seas (Halim 1984; Böttger-Schnack 1994) ; between the Japan Sea and North Pacific (Vinogradov 1973; Vinogradov and Sazhin 1978) ; and between the Sulu and Celebes Seas (Nishikawa et al. 2007; Matsuura et al. 2010) . The life cycle stages of the dominant copepods also show inter-oceanic differences: Calanus and Neocalanus life stages dominate in the northern hemisphere (Conover 1988 ) and copepods are also dominant in the Southern Ocean (Atkinson 1998) . The ecology of copepods has significant effects on higher trophic levels and the amount of vertical material flux, and the evaluation of detailed inter-oceanic differences is a key issue in biological oceanography.
The Okhotsk Sea is the southernmost limit of marginal sea ice coverage in the northern hemisphere (Zenkevitch 1963) . The hydrographical conditions of the Okhotsk Sea are characterized by the presence of cold intermediate water below the thermocline (Kitani 1973) . Although the plankton fauna of the Okhotsk Sea is similar to that of the Oyashio region (Pinchuk and Paul 2000) , it has been reported that body sizes of several species from the former region were greater than those from the latter (Kobari and Ikeda 1999 , 2001a , 2001b . Nevertheless, the zooplankton biomass, community structure and vertical distribution patterns in the Okhotsk Sea and adjacent western subarctic Pacific (Oyashio region) have not been thoroughly compared.
In the present study, ecological characteristics of the planktonic copepods (vertical distribution, abundance, community structure, population structure and body size of dominant species) were evaluated in the Okhotsk Sea and the adjacent Oyashio region in the autumn season from 1996 to 1998. The inter-oceanic differences in copepod ecology are analysed to determine the factors that govern their differences, and the consequences on life cycle timing and the scale of active vertical flux are discussed.
Materials and methods

Field sampling
In the autumn (September-December) of 1996-1998, vertically stratified samples were taken using 0.1 mm mesh closing nets fitted with flow-meters, to a depth of 2000 m (0-thermocline, thermocline-250 m, 250-500 m, 500-1000 m and 1000-2000 m). Vertically stratified sampling was performed at six stations in the Oyashio region and five stations in the Okhotsk Sea (Table 1, Figure 1 ). To evaluate diel vertical distribution, additional obliquely stratified samples to a depth of 500 m (0-25, 25-50, 50-250 and 250-500 m) with a 0.335 mm mesh IONESS (SEA Co. Ltd, Urayasu, Chiba, Japan, modified version of MOCNESS, Wiebe et al. 1985) were taken during the time periods 6:00-8:00, 10:00-12:00, 17:00-19:00 and 22:00-24:00 at one station each in the Oyashio region (St. 19, 16 October 1996) and in the Okhotsk Sea (St. OK24, 4 November 1996) . After collection, all samples were preserved immediately in 5% borax-buffered formalin on board. At each station, water temperature was measured with a CTD (Neil Brown or Seabird Co. Ltd, Falmouth, MA, USA). For the IONESS stations, 1-L water samples collected using a Niskin rosette sampler were filtered with a GF/F filter, and chlorophyll a (chl. a) was measured using a fluorometer (Turner Design, Inc., Bellevue, WA, USA).
Sample analysis
The zooplankton settling volumes of the samples collected by closing net were measured at a precision of 8.6 ml. For the IONESS samples, the zooplankton taxa . and species/stages of the calanoid copepods were identified and counted. For species identification, we referred mainly to Brodsky (1967) and Frost (1989) for Pseudocalanus spp., and Miller (1988) for Neocalanus flemingeri Miller, 1988 , as these species were not described by Brodsky. Prosome lengths (PL) of the dominant calanoid copepods collected by the IONESS (a total of 34 copepodid stages of 17 species) were measured by eye-piece micrometer at a precision of 0.02-0.10 mm. For inter-oceanic comparisons between the Oyashio region and Okhotsk Sea, a U-test was applied to zooplankton biovolume, taxon abundance, and PL of the dominant copepods.
Oyashio region
Results
Hydrography
At all stations in the Okhotsk Sea, the vertical temperature profiles were characterized by a temperature sub-minimum (<2°C) between 50 and 400 m depths; this was not the case in the Oyashio region ( Figure 2A ). In the Okhotsk Sea, a strong thermocline occurred with a halocline, resulting in a strong pycnocline ( Figure 2B ). The development of the pycnocline, which prevents vertical admixture of water, and therefore chl. a in the Okhotsk Sea, was concentrated above the pycnocline ( Figure 2B ).
Zooplankton biovolume
The vertical profiles of zooplankton biovolume in the Oyashio region and Okhotsk Sea were different; the profile peaked at the surface layer (0 m-thermocline) in the former and at a depth of 250-500 m in the latter (Figure 3 ). While the sampling period varied (from September to December), this vertical distribution pattern in zooplankton biovolume was common within the region. The zooplankton biovolume in the surface layer (0 m-thermocline) of the Okhotsk Sea was significantly less than that in the surface layer of the Oyashio region (p < 0.01 U-test, Table 2 ). Zooplankton biovolumes in the other layers showed no significant differences between regions. Consequently, the standing stock of zooplankton biovolume in the 0-2000 m water column showed no inter-oceanic differences ( Table 2) .
Zooplankton community structure
A total of 14 zooplankton taxa and 34 calanoid copepod species were identified in the 0-500 m water column (Table 3) . Calanoid copepods were the predominant taxon (>80% in abundance) in both the Okhotsk Sea and Oyashio region. Inter-oceanic differences in abundance were observed for six zooplankton taxa and seven species of calanoids. The overall abundance of the dominant zooplankton taxa was greater in the Oyashio region than in the Okhotsk Sea, with the exception of the calanoid copepod Metridia okhotensis (Brodsky, 1950) , which showed the opposite pattern (Table 3) : the abundance of M. okhotensis in the Okhotsk Sea (9369 ind. m −2 ) was 30 times greater than in the Oyashio region (367 ind. m −2 ) ( Table 3) . 
Population structure of copepods
Copepod communities in the Oyashio region were dominated by Metridia pacifica, followed by Eucalanus bungii (Figure 4) , while in the Okhotsk Sea, copepod communities were dominated by M. okhotensis, followed by M. pacifica. These two Metridia species accounted for approximately 70% of copepod abundance in the Okhotsk Sea.
The population structure of the dominant copepods also demonstrated inter-oceanic differences. The early copepodid stages were a significant component in the Oyashio region, whereas only late copepodid stages (C5 or C6) dominated in the Okhotsk Sea. Journal of Natural History 7
Vertical distribution of copepods
Throughout the day, four dominant copepods (E. bungii, M. okhotensis, M. pacifica and Neocalanus plumchrus) were distributed near the surface layer in the Oyashio region, but they were distributed at 250-500 m in the Okhotsk Sea ( Figure 5 ). However, it should be noted that M. pacifica migrated upward at night. The dominant copepods in the Okhotsk Sea were distributed at 250-500 m throughout the day and corresponded to the vertical distribution of zooplankton biovolume (Figure 3) . In view of the mesopelagic distribution throughout the day ( Figure 5 ) and the dominance of late copepodid stages (Figure 4) , it was assumed that most of the dominant copepods were in a resting state in the Okhotsk Sea.
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Body size of copepods
A total of 34 copepodid stages of 17 species were examined, and the PL of 14 copepodid stages of 10 species were significantly larger in the Okhotsk Sea than in the Oyashio region (Table 4 ). In contrast, the adult females of Pseudocalanus newmani (Frost 1989 ) from the Oyashio region exhibited a larger PL than in the Okhotsk Sea (p < 0.001, U-test). 
Eucalanus bungii
Discussion
This study described inter-oceanic differences in the ecology of zooplankton and calanoid copepods and showed: (1) smaller zooplankton biovolume near the surface layer in the Okhotsk Sea; (2) a predominance of M. okhotensis in the Okhotsk Sea; (3) most of the dominant copepods were in resting phase in the Okhotsk Sea but not in the Oyashio region; and (4) larger body size of calanoids in the Okhotsk Sea, with the exception of P. newmani. Interpretations of each of these aspects of zooplankton ecology are examined below. Water temperature is one of the most important factors affecting the body size of copepods (cf. Corkett and McLaren, 1978) . A comparison of relative temperatures and PL ratios of the copepods in the Okhotsk Sea and Oyashio region ( Figure 6 ) showed that larger body size was associated with cooler temperatures below 50 m in the Okhotsk Sea, whereas the smaller size of P. newmani was associated with warmer temperatures at approximately 30-40 m in the Okhotsk Sea. This indicates that the large size of the zooplankton in the Okhotsk Sea reflects the cold temperature characteristic of the mesopelagic zone ( Figure 2) .
The zooplankton fauna of the Okhotsk Sea was similar to that of the Oyashio region (Zenkevitch 1963) , but their biovolume, community structure and vertical distribution patterns were quite different between these regions. The zooplankton biovolume near the surface layer (0 m-thermocline) in the Okhotsk Sea was lower than in the Oyashio region ( Figure 3 , Table 2 ). Large copepods were distributed in the mesopelagic layer of the Okhotsk Sea but in the epipelagic of the Oyashio region ( Figure 5 ). The vertical distribution of zooplankton biovolume, which peaked in the surface layer of the Oyashio region but at 250-500 m in the Okhotsk Sea, corresponds with the respective habitat depths of copepods in these regions. The resting phase of the dominant Metridia spp. in the Okhotsk Sea has been reported by Shebanova (1995 Shebanova ( , 2004 .
The larger body size of zooplankton in the Okhotsk Sea suggests that their development occurred in the cooler mesopelagic zone (Table 3, Figure 6 ). The standing stock of most zooplankton taxa was smaller in the Okhotsk Sea, and only the copepod Metridia okhotensis was smaller in the Oyashio region ( Table 2 ). The abundance of M. okhotensis in the Okhotsk Sea was 30 times greater than that in the Oyashio region, and it dominated in the Okhotsk Sea, comprising 60% of total copepod numbers, followed by the congener M. pacifica (Figure 4) . Based on the samples collected from a large geographical range in the Okhotsk Sea, these two Metridia species are classified as indicator species of continental shelf/slope community (Itoh et al. 2014) . The dominance of Metridia spp. in mesozooplankton biomass in the 0-300 m water column in the southern Okhotsk Sea throughout the year was also reported by Shimada et al. (2012) . This suggests that the dominance of M. okhotensis is a common phenomenon of the Okhotsk Sea.
In terms of production, M. okhotensis is the most important species in the Okhotsk Sea (Shebanova 2007) . Because it is known to perform strong diel vertical migration (Padmavati et al. 2004; Sato et al. 2011) , its predominance in the Okhotsk Sea may be related to the development of a strong pycnocline. It should be noted that the other dominant copepods in the Okhotsk Sea (E. bungii and N. plumchrus) are known to exhibit little diel vertical migration or, at least, less diel vertical migration than M. okhotensis (Mackas et al. 1993; Sato et al. 2011) . The development of a strong pycnocline in the Okhotsk Sea ( Figure 2B ) may be a key feature that affects the regional differences in zooplankton abundance, distribution and body size between the Okhotsk Sea and Oyashio region.
Life cycle timing of large dominant copepods (E. bungii and Neocalanus spp.) may also vary between these two regions. For these interzonal copepods, the late resting copepodid stages are commonly found in deeper waters (Miller et al. 1984) . However, inter-regional differences in their dominant stage ( Figure 4 ) and diel vertical migration ( Figure 5 ) suggest that the resting phase may have started much earlier in the Okhotsk Sea than in the Oyashio region. Because the Okhotsk Sea is icecovered for a period, the growth and development of large copepods in the epipelagic zone may be seasonally restricted. This is considered a possible cause of the earlier life cycle timing (entering resting phase faster) of large copepods in the Okhotsk Sea.
The effect of regional differences in copepod communities on vertical material flux is also of special interest. The active flux of copepods includes their diel vertical migration (Longhurst et al. 1990 ) and seasonal vertical migration (Bradford-Grieve et al. 2001 ). In the Oyashio region, both active fluxes of copepods were reported. The active flux by diel vertical migration of Metridia spp. was reported as 3.0 g C m −2 year −1 , corresponding to 15% of the annual total POC flux at 150 m in the Oyashio region (Takahashi et al. 2009 ). The active flux of Neocalanus spp. by seasonal vertical migration was estimated as 4.3 g C m −2 year −1 , corresponding to 91% of the annual total POC flux at 150 m in the Oyashio region (Kobari et al. 2003) . Assuming individual mass flux and POC flux in the Okhotsk Sea are similar to those in the Oyashio region, we can estimate the active flux of Metridia spp. and Neocalanus spp. as 2.4 and 2.3 g C m −2 year −1 , respectively, which corresponds to 12.0% and 49.4% of passive POC flux, respectively (Table 5 ). Because the copepod abundances in the Okhotsk Sea were relatively less than those in the Oyashio region, their active fluxes were estimated to be smaller in the Okhotsk Sea. Table 5 . Estimation of active fluxes by diel vertical migration of Metridia spp. and seasonal vertical migration of Neocalanus spp. in the Okhotsk Sea. Abundance data are from Table 3 . Assuming individual flux and POC flux were similar to those in the Oyashio region, active fluxes in the Okhotsk region were calculated with proportion of the abundance data.
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